The inflammasome has emerged as an important molecular protein complex which initiates proteolytic processing of pro-IL-1β and IL-18 into mature inflammatory cytokines. In addition, inflammasomes initiate pyroptotic cell death that may be independent of those cytokines. Inflammasomes are central to elicit innate immune responses against many pathogens, and are key components in the induction of host defenses following bacterial infection. Here, we review recent discoveries related to NLRP1, NLRP3, NLRC4, NLRP6, NLRP7, NLRP12 and AIM2-mediated recognition of bacteria. Mechanisms for inflammasome activation and regulation are now suggested to involve kinases such as PKR and PKCδ, ligand binding proteins such as the NAIPs, and caspase-11 and caspase-8 in addition to caspase-1. Future research will determine how specific inflammasome components pair up in optimal responses to specific bacteria.
Introduction
The innate immune system is the first line of defense against pathogens and is initiated by genome-encoded pattern recognition receptors (PRRs) which respond to invading microbes. Upon infection, PRRs recognize microbial pathogen-associated molecular patterns (PAMPs) and endogenous danger-associated molecular patterns (DAMPs), leading to the activation of host defense pathways that result in the clearance of the infection. Toll-like receptors (TLRs) are a well-defined group of membrane-bound extracellular and endosomal receptors that play an important role in pathogen detection. A relatively new and interesting PRRcontaining complex in innate immunity is the inflammasome, a multi-protein complex that acts as a platform for the activation of the pro-inflammatory caspase-1; the active form of which then proteolytically cleaves the cytosolic-sequestering leader sequence from pro-IL-1β, pro-IL-18, and pro-IL-33 [1, 2] to generate mature cytokines which are released from the cell to mediate downstream inflammatory effects. and recruitment domain (CARD)), a nucleotide-binding and oligomerization domain (NOD), and leucine-rich repeats (LRRs) [2] that are responsible for the recognition of PAMPs or other signals (Figures 1 and 2 ). Inflammasome-mediated cytokine release follows a multistep activation pathway: first an NF-κB-dependent upregulation of the inactive pro-forms of IL-1β and IL-18 and also of some NLRs like NLRP3 [3] , and second, activation of the NLR or AIM2 and inflammasome formation ( Figure 1 ). Recently, a 3-step activation pathway has been described for some Gram-negative bacteria that involves caspase-11 and TLR4/TRIF [4, 5] . It should be noted that some cells may have a simpler activation process due to higher basal levels of the pro-forms of caspase-1 and/or pro-cytokines [6] . Some inflammasomes have been well characterized for their role in bacterial recognition (NLRC4, NLRP3, AIM2), whereas details are emerging for others (NLRP1b, NLRP6, NLRP7, NLRP12). Furthermore, negative regulators of inflammasomes have also been proposed, although their relation to bacterial infection has yet to be defined [7] . Inflammasome activation has also been linked to cell death pathways (e.g., pyroptosis) [8] . This review centers on recent observations that have led to better understanding of inflammasome-mediated host defenses against invading bacterial pathogens.
The NLRP3 inflammasome
The NLRP3 inflammasome is described to be involved in host responses to a wide variety of pathogenic microorganisms (Table I) . It is activated by a number of PAMPs and DAMPs, and is upregulated in cells after TLR stimulation (Figure 1 ) [3] . NLRP3 activation and subsequent inflammatory damage has also been linked to the pathogenesis of diseases characterized by crystal-mediated sterile inflammation, e.g., atherosclerosis caused by the deposition of cholesterol crystals [9] . Other examples of exogenous NLRP3 activators include silica and asbestos, leading to silicosis and asbestosis, respectively [2] .
Models for NLRP3 activation
Three models of NLRP3 activation in response to microbial ligands have been proposed [2] . The channel model proposes that extracellular ATP from microbial pathogens activates the P 2 X 7 receptor and allows the efflux of intracellular potassium ions (K + ) resulting in NLRP3 activation [10, 11] . A number of bacterial pore-forming toxins (e.g. Group B Streptococcus β-hemolysin [12] ) can also cause cellular ion dysregulation and subsequent NLRP3 activation (Table I) . However, cellular activation induced by a number of bacteria is independent of P 2 X 7 R, emphasizing that multiple pathways can lead to NLRP3 activation [11] .
Escape from the lysosome after phagocytosis is an important step during the movement of many pathogens, toxins, and cholesterol-dependent cytolysins. The lysosomal rupture model for NLRP3 activation posits that the release of lysosomal enzymes, such as cathepsin B, into the cell cytoplasm during lysosomal destabilization leads to NLRP3 activation [2] . Recent studies have shown that prokaryotic mRNA released from the lysosome into the cytosol during degradation of phagocytosed live bacteria, can activate NLRP3 [13] , suggesting that bacterial RNA may be a key trigger of the NLRP3 inflammasome during many infections.
Reactive oxygen species (ROS) released from the mitochondria is considered to be a cellular stress-induced alarm and may trigger NLRP3 inflammasomes [14] . The ROS model is based on observations that NLRP3 is activated upon mitochondrial damage and release of ROS [15] . This activity is dependent on the mitochondrial voltage-dependent ion channels which facilitate the exchange of ions between the intermembrane space and the cell cytosol. Oxidized mitochondrial DNA (mtDNA) from mitochondria damaged by bacterial infection or other means was suggested to bind and activate NLRP3 [16] . This phenomenon was negatively regulated by the anti-apoptotic protein Bcl2, suggesting a link between apoptosis and inflammasome activation. The idea that the NLRP3 inflammasome senses mitochondrial dysfunction could potentially help in understanding the prior observations suggesting an association of mitochondrial damage with inflammatory diseases [17] .
Newly identified factors controlling NLRP3 activation
Recently, GBP5 (guanylate-binding protein 5) and PKR (double-stranded RNA-dependent protein kinase) have been proposed to play integral roles in NLRP3 activation. GBP5 has been demonstrated to interact with the pyrin domain of NLRP3 and aids in the oligomerization of the inflammasome complex [18] . Importantly, GBP5 promotes a role in NLRP3 activation by live bacteria, but not during sterile inflammation in vitro. Infected GBP5-deficient mice had higher bacterial burdens and faster disease progression in comparison to wild-type mice. PKR has also been shown to autophosphorylate upon macrophage stimulation with NLRP3 ligands, and active PKR can bind NLRP3 (as well as NLRP1b, NLRC4 and AIM2) [19] . This study proposes that PKR can directly activate the NLRP3 inflammasome and promote release of the pro-inflammatory cytokine HMGB1 (high-mobility group protein B1) when stimulated with a cohort of ligands including bacterial pathogens. Since many of the NLRP3 stimuli lead to inhibition of protein synthesis, it has also been found that direct blocking of ribosomal function, independent of K + efflux, leads to inflammasome activation [20] . It is however unclear how the PKR phosphorylation leading to NLRP3 inflammasome activation is triggered during infection. Although multiple pathways lead to NLRP3 activation, the array of ligands which trigger the NLRP3 inflammasome indicates that common denominators exist ( Figure 1 ).
The NLRC4 inflammasome and pathogen detection
A number of bacteria including Pseudomonas, Legionella, Salmonella, Yersinia, and Listeria are thought to induce caspase-1 activation and IL-1β/IL-18 maturation via NLRC4 activation [21] [22] [23] [24] [25] . NLRC4 is specifically activated by a functional bacterial type III or IV secretion system (T3SS/T4SS) or flagellin [22, 23] . Salmonella typhimurium was one of the first bacteria shown to activate caspase-1 via the NLRC4-inflammasome; and mutants of S. typhimurium lacking the fliC and flipB genes that encode flagellin monomers are unable to activate caspase-1 via NLRC4 [23] . Ligands are believed to directly bind distinct members of the NAIP (neuronal apoptosis inhibitor protein) NLR subfamily to subsequently activate the NLRC4 inflammasome [26] . NAIP5/NAIP6 interact with flagellin, whereas NAIP2 interacts with the T3SS rod components Salmonella PrgJ and Burkholderia BsaK [22, 26] .
Although this model of ligand binding and differentiation by NAIPs is appealing, it should be pointed out that there is only one human NAIP protein and this recognizes the Chromobacterium violaceum T3SS needle protein CprI [22] . Interestingly, NLRC4/NAIP5 inflammasome activation has been directly tied to eicosanoid release from resident peritoneal macrophages [27] . NLRC4 has been implicated in a pro-inflammatory defense mechanism in the intestine against foreign, but not commensal, bacteria by intestinal mononuclear phagocytes [28] . Recently, Ayres et al proposed that NLRC4 activation can be detrimental to the host during infection, because the growth of pathogenic E. coli emerges in the intestine after antibiotic treatment which severely alters the composition of microbiota [29] . Perhaps analogous to NLRP3 activation by PKR, new convincing evidence show that NLRC4 is activated upon phosphorylation at Ser533 by Protein Kinase C δ (PKCδ) [30] . NLRC4 is also tied to other processes which do not involve IL-1β and IL-18 release; such as the degradation and restriction of intercellular bacterial growth of Legionella pneumophila downstream of caspase-7 activation [31] and NLRC4-dependent cell death [32] . Activation of caspase-1 by the inflammasome has been linked to pyroptosis, a proinflammatory form of caspase-1-dependent cell death [8] . NLRC4-dependent pyroptosis occurs in response to a number of bacterial infections including Salmonella, L. pneumophila, and Francisella tularensis [8] . This cell death pathway exerts a protective role in host defense. Activation of caspase-1 via NLRC4 by S. typhimurium persistently expressing flagellin led to antibacterial defenses independently of IL-1β and IL-18 [32] , as the inflammatory cell death drove clearance of the pathogen from the surrounding tissue via neutrophil recruitment. It has also been shown that NLRP3 and NLRC4 work together for an optimal response to Salmonella [33] . It is likely that many bacteria will trigger multiple inflammasomes upon infection, as they contain ligands for multiple NLRs, or NLRs and AIM2. Future studies will undoubtedly cast more light on how inflammasome components cooperate for optimal host responses to pathogens and clarify the involvement of subsets of components for specific downstream effects.
The AIM2 Inflammasome and intracellular bacteria AIM2 (Absent in Melanoma 2) is a cytosolic binding receptor for double-stranded DNA, known to form an inflammasome and activate caspase-1 in the presence of bacteria and viruses [34] [35] [36] . It contains an N-terminal pyrin domain and a C-terminal DNA-binding HIN200 domain; and is the only known HIN200 domain-containing protein with the ability to mature IL-1β and IL-18 via interactions with ASC and caspase-1 [34] . Bone marrowderived macrophages (BMDMs) from AIM2 −/− mice are deficient in pro-caspase-1, pro-IL1β, and pro-IL18 processing after infection with Listeria monocytogenes and Francisella [35] [36] [37] ; thus emphasizing the importance of inflammasome activation against bacteria that replicate intracellularly. An anti-bacterial phenotype was verified in vivo as AIM2-deficient mice were more susceptible to subcutaneous infection with F. tularensis, correlating to reduced serum IL-18 levels [35] .
NLRP1b, NLRP6, NLRP7, NLRP12 inflammasomes
The original description of the inflammasome complex involved human NLRP1 (Figure 2 ) [38] . Studies in THP1 cells showed that NLRP1 forms a complex with CARD8, ASC, caspase-5, and caspase-1 to subsequently process IL-1β [38] . NLRP1 has been linked to IL-1β production by muramyl-dipeptide in a Bcl-2-and Bcl-XL-regulated fashion [39] . Moreover, mouse NLRP1b has been described as a receptor for lethal toxin from Bacillus anthracis in the host cytosol and participates in caspase-1-mediated IL-1β production and pyroptosis, in vivo and in vitro [40] .
NLRP6 has been reported to be involved in obesity, intestinal inflammation and tumorigenesis, the regulation of commensal microflora, and most recently, bacterial recognition [41] [42] [43] [44] . The NLRP6 inflammasome function has been proposed as NLRP6-deficient mice showed altered gut microbiota and a predisposition for colitis as a result of decreased levels of IL-18 secretion by intestinal epithelial cells [41] . However, Anand et al.
[42] presented a novel function for NLRP6 during certain bacterial infections as a negative regulator of innate immunity, since mice deficient for NLRP6 were resistant to infection with L. monocytogenes, Salmonella, and E. coli.
An early study of NLRP12 (Monarch-1/PYPAF7) showed that the protein could function as an inflammasome component [45] . Consistent with this, the NLRP12 inflammasome has been described to have a pro-inflammatory role during bacterial infection as an important regulator of IL-1β and IL-18 release [46] . In this study, NLRP12-deficient mice were unable to control infection with a modified Y. pestis strain, and had reduced circulating IL-1β and IL-18 and increased spleen bacterial loads [46] . Other studies have suggested NLRP12 as a negative regulator of colon inflammation and tumorigenesis in a DSS colitis model, and to dendritic cell recruitment [47] [48] [49] . It is possible that NLRP6 and NLRP12, and also other NLRs, can play multiple roles in immune function, perhaps dependent upon expression levels in tissues and cells central for specific pathology in various diseases and cooperation with other signaling molecules. NLRP7 is not expressed in mice, but hNLRP7 has been linked to inflammasome function in response to bacterial lipopeptides (TLR2 ligands) using a siRNA knockdown system [50] . The main function of another family member, NLRC5, appears to be in regulation of MHC class I genes [51] , although knock-down data in human cells suggest NLRC5 may participate in inflammasome activation during infection [52] .
Caspase-1 is not alone -roles of caspase-8 and caspase-11
Recent studies have shown that mouse caspase-11, an orthologue of human caspase-4 and caspase-5, contributes to caspase-1-independent cell death in response to a number of bacterial pathogens [4, 5, 53] . To the great surprise of the field, it was revealed that that widely used caspase-1-deficient mice, generated on a 129 background, also lack a functional allele of caspase-11, and are therefore functionally caspase-1/caspase-11 double knockouts [53] . Importantly, caspase-11 was found to be a key molecule in inflammasome activation by cholera toxin, E. coli, Vibrio cholerae and C. rodentium, and a central mediator of LPSinduced lethal shock [53] , although caspase-11 works upstream of caspase-1 for IL-1β processing and independently of caspase-1 for the induction of cell death. Rathinam et al. subsequently found that TLR4/TRIF-dependent type I IFN production is crucial for caspase-11 activation, and this licenses NLRP3-inflammasome-induced caspase-1 processing, thus providing another link between TLR and NLR signaling. Broz et al. [4] supported this role for TRIF, and it appears that in the absence of caspase-1 [4] or neutrophil-mediated phagocytosis [32] , lysis of macrophages and the release of intracellular Salmonella can be detrimental to the host in a caspase-11-dependent manner.
Other developments have showed that caspase-1-independent IL-1β processing can be dependent on the caspase-8 inflammasome [54] . This was triggered by antagonism of IAP (inhibitor of apoptosis) proteins and involved the RIP3 kinase and ROS production. The findings demonstrated that activation of the cell death-inducing ripoptosome platform generates IL-1β and IL-1β-driven inflammation, although another study suggested that IAP deficiencies reduced caspase-1 activation [55] . Dectin-1 and caspase-8 have also been implicated in IL-1β release in response to Mycobacterium bovis BCG and M. leprae [56] .
Taken together, these studies suggest there may be more paths to IL-1β and IL-18 processing than via caspase-1.
Conclusions and further directions
Inflammasome function and pyroptotic cell death are key events in the host response to bacterial pathogens. However, this is a double-edged sword as dysfunction and dysregulation can drive human inflammatory diseases, and there is a need for balance between resolution of infection and excessive inflammation. Thus, we will likely see further studies of regulators of inflammasome activity and infections [7] . A number of pathogens activate multiple inflammasomes, such as Y. pestis, Salmonella, and L. monocytogenes, [33, 46, 57] and increasing the knowledge of how multiple NLRs or AIM2 and specific caspases cooperate during infections is likely to be the focus of several future studies. Continuing investigation into inflammasome activation mechanisms, including proposed upstream activators such as cathepsins, ROS, GBP5, PKR and PKC will drive our understanding of inflammation and hopefully elucidate novel drug targets for both antimicrobial and anti-inflammatory uses.
Highlights
• The inflammasomes are central for many anti-bacterial host defenses.
• In addition to caspase-1, caspases-11 and -8 are emerging as important players in pro-inflammatory signaling.
• NLRP1, NLRP3, NLRC4, NLRP6, NLRP7, NLRP12, AIM2, ASC and NAIPs are inflammasome components
• Kinases may control both NLRP3 and NLRC4 inflammasomes
• Cooperation between different inflammasomes may be necessary for optimal responses K + efflux occurs by engagement of extracellular ATP with the P 2 X 7 R or directly through bacterial pore-forming toxins. ROS generated during mitochondrial damage and oxidized mitochondrial DNA (mtDNA) produced during apoptosis lead to activation of NLRP3. Td92, a surface protein of Treponema denticola, can interact with the α5β1 integrin resulting in ATP release and K + efflux. Inhibition of ribosomal function and protein synthesis can also direct NLRP3 activation, and this mechanism may involve lysosomal destabilization, K + efflux and ROS. Caspase-11 has been defined upstream of caspase-1 during NLRP3 inflammasome activation.
Figure 2. Inflammasome design and activators
Inflammasome-forming NLRs share the same general features, although mechanisms for ligand recognition may differ. NLRP3, 6, 7 and 12 all share a C-terminal leucine-rich-repeat (LRR) region, an internal nucleotide-binding-domain (NBD), and a N-terminal Pyrin domain (PYD), which recruits the adapter protein ASC -a caspase recruitment and activation domain (CARD) and PYD containing protein which links the NLR or AIM2 to caspase-1. The ASC adapter is believed to be an integral part of NLRP3, 6, 7 and 12 inflammasomes. NLRC4 contains an N-terminal CARD domain which can recruit caspase-1 directly, though ASC involvement may increase caspase-1 processing activity. NLRP1b, like NLRC4, has a N-terminal CARD domain, but has an internal LRR and a C-terminal NBD domain. Lastly, AIM2 has a HIN200 DNA binding domain and a PYD for ASC recruitment. Different types of stimuli signal inflammasome activation via the various NLRs or AIM2, some of which are depicted. 
